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abstract 


Hie near *» wall characteristics of turbulent 
boundary layer flow behind circular cylinders have been 
•xperlnentclly studied In this work* Two cylinders late- 
rally separated at spacing (a) 5, 7, 9 andoo relative to 
cylinder diameter CD) were placet! in a low - speed wind 
tunnel* Hi® Mean and RMS fluctuating components of stream- 
wise velocity were measured near the wall on the leeslde 
of cylinders upfco distance SD using hot film anememmier* 
Results indicate that the wake son® behind cylinders is 
of nearly uniform width, tout increases slightly for s m 9»* 
The wall effect increase® in the wake flow downstream of 
the cylinder where turbulence intensity is high# It 1® 
particularly high near the wake edges* In the central 
regicn between wakes the turbulence intensity appears rela- 
tively unaffected by the cylinders* However Mean flow is 
found to be accelerating, and velocities are higher than 
upstream undisturbed free-stream velocity* Hie flow is 
found to be accelerating, as evident also from the power 
law curves fitted to the vertical m&n velocity profiles* 
Interference effect of the two cylinders is evident in 
the M»an and Rms velocity distributions for s » $»* 



CHAPTER 1 


INTRODUCTION 

Rapid urbanisation and development of road transport and 

communication have necessitated construction of more and more 

bridges across rivers and waterways. The location of bridge piers 

in close proximity may involve interference effects of flow which 

results in scotjr depths different from that of isolated piers. 

While numerous investigations on scour depths have been made on 

the flow past a single pier having diverse shapes and flow conditions 

very little attention has been focussed on lateral and longitudinal 
interference of bridge piers. Considerable research has been done 

*h en an obstruction is placed in the direction of flow. But such 

research was confined to the effects of free stream region which is 

of importance to Aeronautical engineers (twin struts to support 

the wings) and structural engineers (chimney stacks, offshore 

structures). Attention was not paid to what happens near the floor 

on which the obstruction is placed. 

Hydraulic engineers are more concerned about this region 
because of scour and sediment problems associated with interference 
effects. Studies have been conducted in the hydraulics engineering 
laboratory. ITT Kanpur and elsewhere to determine the scour, flow 
characteristics near pier models when they are in tandem and 
staggered arrangements. However they are not exhaustive. Inorder 
to understand the effect of interference of piers on the scour 
depth, there was a need to study the effect of interference of 
flow in the wall region of the rigid bed. with this in view the 
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present work has been undertaken to study the wake characteristics 
tof a single pier from the wall upto free stream and also to study 
the effect of interference of another cylinder placed by its side 
at different spacings. 

The thesis is presented in six chapters* Chapter 1 
introduces the problem and the scope of the present work. The 
relevant literature on the subject is described in Chapter 2, Hot 
Film Anemoraetry and it's calibration in Chapter 3, experimental 
setup* Instrumentation and procedure is explained in Chapter 4, 
Analysis of results and discussions are presented in Chapter 5, 
The thesis is concluded in Chapter 6 with suggestions for future 
work. 
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TWo cylinders in fluid flew act as isolated cylinders 
only when ti my are sufficiently apart# At close proximity the 
interference between the cylinders changes significantly the 
flow around them and produces unexpected forces and pressure 
distributions and intensifies or suppresses vortex Characteristics. 
Hence# the flow around two circular cylinders may be classified 
into two categories* with and without interference* The interference 
may be either partial wham only erne cylinder is affected or 
oooteined when both mutually interfere. 

2.1 FLOW qilRACmX3TXCS AT THE JWfCTIOH OP en#XNI>BR AHD WMX 

Th® vortex filament s transverse to the flow in a two 
dimensional undisturbed velocity field arc concentrated by the 
presence of a blunt-nosed pier# Hi® concentration la accomplished 
by the non-uniform pressure field induced by the pier boundary# 

If the pressure field is sufficiently strong, a three dimensional 
separation of the boundary layer occurs which inturn, rolls up 

aHIl MM iPs* wllw jp*liiip s&lSP wmitp apt!! fptlwtS* fPliwWI 

The wake vorteat system is formed by the rolling up of 
unstable shear layers generated by the surface of the cylinder 
end which are detached from either side of the cylinder at the 
separation line* It low cylinder Reynolds nuaber I 4< R^C 5©) # 
these vortices are stable and form a standing system downstream 
close to the or llnder# For higher Reynold’s numbers of practical 
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practical interest, the system is unstable and the vertices are 
shed alternately from the pier and converted downstream. The 
strength of the vortices in the wake system varies greatly 
according to the pier shape and fluid velocity* 

The trailing vortex system is formed when finite pressure 
differences exist between two surfaces meeting- at a comer such 
as the top of the pier* It is composed of one or more discrete 
vortices attached to the top of the pier and extending downstream* 
It usually occurs in the case of completely submerged piers. 

Roper et* al« (1967) discribed in detail that the eddy 
structure may be composed of horse-shoe vortex system, the 
trailing vortex system and the wake vortex system depending upon 
the type of pier and fire® stress conditions* The vortex systems 
are an integral peart of flow and strongly affect the vertical 
component of the velocity ahead of the pier# 

2*2 SCOtmiHO FHKNOMSMOM AROtIWP SlNdhE PUR 

The basic cause of local scour is the hydrodynamic flow 
structure in the form of Horse shoe vortex which develops at 
the leading edge of the pier* a junction with the bed* Shea, 
Schneider and Karaki classified the types of local scour based 
on the flow speed and isphasised the importance of pier gftometry 
and pier Reynolds number. Similarity parameters characterising 
the horse shoe vortex flows we»e investigated experimentally by 
lelllt (1973) in a low speed wind tunnel with the approaching 
boundary layers both laminar and turbulent. Baker (1979,1980) 
made extensive measure!* nr & of the static pressure 
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An the separated region of laminar and turbulent hors# shoe 
vortices and showed the iwrportance of Reynold® number for 
laminar hors# shoe vortex using a fixed bed model of local 
sowar zone, Melville and Raudklvi ( 1977 ) measured the tur talent 
intensities and the boundary Shear stresses* Attempts have 
been mad# to estimate the vortex strength ,eor# diameter and 
vortex centre locations of the primary hors# shoe vortex by 
Baker (1979, 1980)* Sheri* Schneider and Karaki (1969)* Baker 
(1980b), Qadar (1981), <3angadharal<ah , Musiammil and Subrimanya 
(1986) have attempted to estimate the strength of horse shoe 

titfiy* Jfcttff ##% 'I 

1»18nPI* eiilPMt 4m Web* vWaw sawiiiPm#* e 

2*3 SCOtmiMO PH^MQMFMA AROtWO MULTXFLH PIERS 

There is considerable influence of location of the piers 
on scour depth as deserved by various investigators like Diet* 
(1973), Baaak et*al* ( !975 ) and Elliot and Baker (1985)* 

Diets conducted tests with laterally separated circular piers 
and reported that, the maximum scour depth is not influenced by 
the angle of attack for centre line spacing® s/d larger than 3* 

Basalt ©t.al. showed that for a row of square pier# aligned 
with the flow, maximum scour always occurred at the upstream face 
of a pier with no inf lues*?© erf spacing and number of pier# on 
scour depth* For other piers, minimum scour was observed for a 
centre line spacing S/D • 4* For spacing® perpendicsilar 
to the flow, scour depth decreases with increasing spacing upt© 
S/D at 5* 
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Elliot et*al* (1908) invest igated the effect of lateral 
spacing on aeour depth for clear water scour con ait ions, They 
found that as lateral spacing s/d, decreases, the scouring is 
affected by two processes* 

(i) The hearse shoe vortices around the bases of the piers 
interact with each other 

(ii) The flow is accole rated by contraction of the flow region 
due to the piers* 

This accelerated flow between the piers causes m increase in 
scour depth as lateral spacing S/D becomes small* if S/D is 
large, the depth of scour will not be affected by pier spacing* 

They pointed out that a careful study of interference effect of 
lateral spacing on scour depth for live bed scour conditions Is 
further required* 

®»«h (190S) observed that the scour depth of a downstream 

pier in the tandem arranges* nt is less than that of isolated pier* 

He has compared the scour depths of the down stream pier in 

staggered arranges* nt for ~g * 5,7 and 9 with the isolated pier 

scour depth* It was observed that in all the cases, except for 

H m 5, the down stream pier scour depth Is greater than the 

isolated per scour depth* the scour depth gradually increases 

to a maximum at |jj * & and decreases until § » lo* Then it gradually 

increases again and becomes constant for increasing | * He also 

Observed .in both the arrangement of piers for ripple bad floe 

condition that the scour depth at downstream pier is higher at 

x m2 * He ala© concluded that as the lateral 

§ * 1 than when D 
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spacing increases, th® interference effect decreases* Hence for 
large ® # scour depth approaches that of isolated pier ' a scour 
depth* 0 

2*4 mSS PRESSURE OISTRiattTlOK AND VELOCITY PROFIlR 

Hori (1959) showed that when two cylinders are in tandem 
arrangement, pressure distribution of only the rear part of upstream 
cylinder was affected by the presence of the downstream cylinder * 

The base pressure coefficient increased with spacing and consequently 
the drag of the upstream cylinder was reduced* this causes the 
decrease of the interference drag with corresponding increase of 
pressure in the gap only as observed by Bcarman et*al* (1973)# 
Bicrmam et*ai*(i933), Shirtishi et*al*(l986). thus* at critical 
spacing there is discontinuous decrease of the base pressure 
coefficient* Further increase of spacing brought little change in 
the base pressure coefficient* 

Shiralshi et«al« Mm) concluded that ~p** 5 * 5 demarcates 
between positive and negative gap pressures corresponding to the 

spatial location of downstream cylinder ins Me or outside the wake 

of th© upstream, cylinder respectively* The steady pressure 

distribution of the downstream cylinder isr located at the wake 

centreline of cylinders with * 3, The position of reattaohment 

o 

points of the flow separated from the upstream cylinder was 
symmetric al and distance between them reduced as jjjj increased from 
2 to 3* 

zdrakovlch and itanhope (1972) and Shiraishl et*al.U906) 
showed that low velocity existed in the gap for all ©seeing# upte 
3*5* with further Increase in the spacing there was a sudden 



change ©f flow pattern In the gap* 

fltert (1959) observed that there is a discern tinuous 
chorags of base pressure coefficient for a transverse arrangement 
when 1*2 < B/D < 2*0* 

2*5 IMTERfSHBI'lCg EFFECTS THE FREE STBSAK REGION 

2 * s * i ?m&m hrmmmmntB t 

'The following effects were observed to y Biemann et#al« 
( 1933 ), EVTahsr (1985) and Horl (1959). 

Ci) effects cm Drag coefficient, C^t 

Brag coefficient of the downstream cylinder is strongly 

dependent on the 'pier Reynolds/ number, and longitudinal 

spacing,?; • For all R , the drag force on single cylinder is 
D x 

reached soon beyond the critical spacing g ^ 4, which means that 

the downstream cylinder has no effect on the upstream on®. 

Beaman and wadeodk: (1993) observed instability in the 

flow when the gap between the cylinders is small (0 t K jj® < 1#0 * 
at R * 2*5x10** p or X 4*0, the interference drag ,eould be 

^ * n * 9 * tlV * dBpa,ain9 ° peB ** h V — £ * 

the interference drag on downstream cylinder fear the tandem 

position was always negative for x c ./ 3. ilence, the downstream 

o 

cylinder experienced a forward thrust. 

<m) 

ffaneen iCamp et.el* (1981) and SSdrakovicfc (1997) found that 
a vortex street always forms behind the downstream cylinder, and 
also behind upstream cylinder when \ > 4* The strouhal number, 

m jg 

decreased continuously with increasing spacing 1 ,«/4 *0# 

IS 
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A sud let* |usip occurred at o ^.4 for which vertex shedding was 

J> 

first detected behind the upstream cylinder* 

According to Et~Taher (1985 )* 

(1) there is an abrupt change in the flow patterns for £ *3*5 

& 

accompanied by an abrupt change in pressure distribution 
and vortex shedding along the span of each cylinder* 

x# 

(2) For na z, 3*5* there Is no vertex shedding (res the upotreisa 
cylinder* the vortidty Shedding from downstream cylinder 
breaks down into a number of apanvise cells# the frequency 
being constant in each cell* 

(3) For je >3*5# vortices are shed fro® both the cylinder® 
such that the strouhal amber is constant along the span* 

Surface roughness can prosets transition to turbulence 
in the boundary layers around the circular cylinder and reduce 
the actual Reynolds.; number at which fully turbulent separation 

23.2 

<i> Jgteggfti.,m WMtttoUnfcaiB^^ 

glfeKtelteM, 

Sianaann and HernsteinCl.933) Stowed that the interference 
drag was *sro for all lateral spacing® f > $* **»• interference 

Q ' 

drag increased as the spa cingdeoreased * For small aped nga.very 
odd changes occurred* They reaerted ^Apparently the type of 
floe changes rapidly with a change in spacing* It may even change 
while the spacing is held constant.” mis was the first indication 
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©f the bistable nature of two different flow patterns at these 
syncings* 

%ivak (19465 measured the vortex shedding frequency behind 
twocey linders in the side~by side arrangement* He found that for 
all transverse spacing® s/d >2 a single frequency in both wakes, 
reduced to Sfcrouhal number, was the saw a© for the single cylinder* 
For s/d < 2* two different frequencies were recorded inbboth wteei* 
the tapper frequency 1 disappeared fear small spacing® and only the 
lower cm© continued down to the cylinders in contact* 

Mori (19S95 observes, that there is a discon tinuoua change 
of the base pressure coefficient for a transverse arrange*© nt 
when 1,0 ^S/D </ 2*0* Hm also indicated that the wakes behind 
the cylinders war© different from that of- the single cylinder* 

< A *) 

It was observed that the vortex format ion and Shedding 
is markedly symmetric about the axis of the gap* At S/D m 2*0* 
the vdrtex shedding is ©till coupled* but the gap flow is slightly 
deflected upwards* the vortex shedding hmccsmm uncoupled and weak 
S/D m 1*5* while tdie gap flow is biased to one side* the biased 
flow in the gap is bistable and Intermlttett ly change* over either 
downwards tar upwards* Bmrmn ®t*«l* <1913 5 discovered that the 
base pressure on both the cylinders fluctuate between the two 
extrema* in the range of spacing* 1 * 04 . 88/3 4 . 2*3 . thus* the 
bistable nature of the biased flow pattern was confirmed* 

cud iMkjaSJSam MsmsLmJmjmUMmM 

one to the bistable nature of the flow Idle gap flow biased 
towards one cylinder will pro-dace a r sultant force on each 
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cylinder that is deflect ad relative to th© free stream direction. 
The sum of the bistable high and low drag is always less than 
twice the drag of the single cylinder. 


2 * 5 * 3 B&mm „toaE q«r#„ .» 


Heart (1959) found the resultant interference force 
coefficient which is proportional to the drag coefficient vectors. 




It was observed that Cq increase® regularly and gradually 
with s/o. the pressure distribution around the downetreaw cylinder 
indicated a bistable nature of the fully developed flow through 
th# gap between the cylinders and no flow pattern similar to that 
found in the tandem arranguraents at different spacing. Severe 
vibrations may be exeitec sy the bistable gap flow izarakowdch>l9T7), 

MlaaSuaLJa^^ 

It was observed that the wake behind a single cylinder 
narrows compared with the subcritical regime which cause® a 
similar contraction of the interference boundary in the case of 
staggered arrange* nt (zdrakoviCh .#1977 ), A discontinuous 
suppression of the gap flow exists in the fully turbulent regime. 


The discontinuous Jump in lift coefficient due to th# gap flow 
is greater for the higher Reynolds number and the lower Reynolds 
number. 


2.6 summer or ^rymooyHh?ii’:;:ggF.?OTS 

2#*a 

studies by s-vTSher (1985 )* asivaiihi efc.al, (1986), 


Shah <1988 ) indicate the following salient features! 
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Cl) 


( 2 ) 


(33 


(4) 


base pressure coefficient increased with spacing till 

which it 

a critical spacing is reached at/decreased discor&inuously, 
Further increase of spacing has little effect on the base 
pressure coefficient. 

bow velocity existed in the gap for springs upfco 3*5* 

With further increase in the spacing there was sudden 
change of flow pattern in the gap* 

The drag force and scour depths of downstream pier is less 
than that of isolated pier. 

For all R_, the drag force on single cylinder is reached 

A 

4 * 


"#p* 


beyond critical spacing ^ 

(5) Vortex shedding always occurs behind downstream cylinder 

V 

but for upstream cylinder only when a y 4* 

D ' 

2.&*2 1 

Studies byBienmann et.al* (1933), Spivak (1946), Hori (1959), 
Bearman et.al* (1973) indicate the following salient features* 


( 1 ) 


The interference drag decreases with the spacing upto 

H~ • ~ , increases to a maximum around £ m 2.0 and decreases 
» 3 B 


S 


( 2 ) 


( 3 ) 


with a further increase In ~ value. 

m J 

Hie base pressure decreases with increase in «. upto »* # 
then increases with s/d, reaching a maximum value at 
s/D * 2.0 and remains fairly constant with further increase 
in s/d. 

the drag force variation is similar to that of the 'base 
pressure. ' 
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*%« lift coefficient decreases rapidly as S/D la 
increased nipt© a value of about 4/3 and for further 
spacing* it remains essentially aero* 


2 * 6 * 3 BmmsM, * 

studies toy Hori (1959) # . sjcovich (19??), Shall (1988) 
indicate the following salient features* 

(1) C^j increases regularly and gradually with S/O# 

(2) Hie pressure distribution around the downstream cylinder 
indicates a bistable nature of fully developed Clow, 

(3) The discontinuous jump in the lift coefficient is greater 
for higher Reynolds number than for lower Reynolds 
number# 


(4) In all the cases studied toy Shah (1988) (S D *$#7 and 9) 
'V .except -or s/D m 5, the downstream pier scour depth is 
greeter than the isolated pier scour depth# 

2.7 PRBSiigff IWSaTtCWIOW 


The aim of the present study is to understand the 
interference effect on scour depths# which necessitates a 
systematic study of interference effect on the rigid toed# In 
order to achieve this# the present work has been carried out 
in two phases* In the first phase* a single circular cylinder 
is used and the .mean velocity and m® velocity components have 
fomn studied behind the cylinder at different locations# 

(35/D m ®#5 # 1#0* a,€>* 3*0 and 5.0) in a wind tunnel. 
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In the second phase, two circular cylinders are kept side by elds 
at three different spacing* (3/D m 5*0* 7*0 and 9*0 > and the 
mean and rms velocities have been studied behind the cylinders in 


a stellar way to that tef a single cylinder* Finally the results 
analysed and conclusions are given* 



CHAPTER 3 


HOT FXIM MilMOWeTRY AND CALXBRATlOW 


3 # l GENERAL 

Almost all research in aerodynamics related to turbulence 
necessitates the measurement of coatponents of mean velocity and 
fluctuating velocity* These can be measured suitably toy using 
anemometers* namely s 
(i) Hot wire anemometer 

(ii> Hot film anaaometer 

(iii) Laser D©ppl«r Anemometer* 

I 4 ] **>*,**■ *»**« * a 

WSSSSj^^ 

The hot-wire anemometer is widely used throughout the 
world in research laboratories. This is suitable for mean and 
fluctuating velocity measurements in air* using this* measuremsnfcs 
can also toe made in liquids in other gases* In addition* the hot- 
wire anemometer can toe used to determine the direction and speed 
of a fluid, to make turbulence measurements* to make measurements 
in comjaressible flows and to measure fluid temperature. 

The hot wire probe is placed in the wind tunnel 
perpendicular to the flow direction where the velocity is to toe 
measured. The wire becomes hot as current is passed through it* 
and the heat generated is dissipated mainly toy convection* The 
heat loss by convection is dependent on parameters like velocity* 
temperature and the pressure of the sodium where heat is dissipated* 
the resistance of the wire changes with a change in it*a temperature 
Thus the voltage tap along the wire is related to the velocity 
of flow* 



Hot wire anemometer has excellent frequency response* an 
upper frequency limit of 400 kh* is comma for cotwaercially 
available Instruments* In addition it has eaeellent sensitivity 
at low velocity* good spatial resolution and an output signal 
in the form of a voltage difference for convenient data analysis* 

the limitation of the hot wire anemometer is that it 

cannot be used in liquids and in some gases .which are highly 

profc>e 

contaminated* the^loses it *s sens! tivity gradually* Even ordinary 
air dust damages the sensor due to impact by the dust particles* 
to over come this problem Hot film anemometer was introduced. 

cii) m&s&M a, £m wssmmx 

to 

Due to the limitation of the hot wire ansmometer^dust free 
air only* the more sophisticated * more gete ral* rugged hot film 
anemometer was introduced with the ainn to carry out research work 
in dense fluids* particularly in water* the sensor si a hot film probe 
is usually mad® of nickel or platinum deposited in a thin layer 
on a backing material* such as quarts and connected to the electronics 
package by leads attached to the ends of the film* A thin protective 
coating of quarts or other material Is usually deposited over the 
film to prevent damage by abrasion or chemical reaction* ; There 
are different types of hot film probes available* Of these* wedge 
hot film probe and conical hot film probe are more popular. Conical 
type probe has been used in the present work > the working principle 
of the hot film anemometer is almost similar to that of the hot wire# 



3 # 2 *NgMQMBTR¥ 

Three types of ©h ctronic packages are used, each controlling 
the sensor heating current in a different way. The most common 
Is the constant temperature anemometer .whidh supplies a sensor 
heating current that varies with the fluid velocity# to maintain 
constant sensor resistance and thus constant sensor temperature. 

Hie second type is the constant current anemometer# Which supplies 
a constant heating current to the sensor* The third type is 

tits pulsed wire tromometer# which measures velocity by momentarily 
heating a wire to heat the fluid around it* This spot of heated 
fluid is eonvected downstream to a second wire that acts as a 
tempi rature sensor* The time of flight of the hot spot is inversely 
proportional to the fluid velocity* 

• 2 *± SBttMaflBL J3SSBSESSSMSL J 

The constant temperature anemometer system is simple to 
Operate and can measure large velocity fluctuations. The idea 
behind the constant temperature system is to minimise the offset 
of probe thermal inertia by keeping the sensitive eh moat tat 
constant temperature and using the heating current as a measure 
of heat transfer and hero®# also of velocity# hue to the very 
high gain# in the amplifier and the small mass of the sensor# 
the system is capable of responding to very rapid fluctuations 
its' velocity* 

The major advantage of constant temperature anemometer 
is that# its frequency response Is high when compared with the 
frequency response of an un compensated constant current assetMmater* 



til the present work a constant temperature hot film anemometer 
in used* 

3*2*2 Constant Current Anemometer* 

la this mode* a constant current Hows through the probe# 
inaopendant of any- resistance changes in the bridge* The probe 
resist anas change® as a result of flew changes acting on t hm 
probe-* The consequent voltage difference -across the horizontal 
bridge diagonal is a measure of the flew velocity* A® corapared to 
the constant temp ratur © anemometer* this mode is far less 
important in floe measor <3»«fc«* The hot fibs probes are hardly 
applicable at high frequencies when operated in the constant 
current mode as their frequency response cannot easily toe compen- 
sated els ct ronieally • Still# the constant current anemometer 
principle is widely used for the measurement of temperature in which 
case the voltage difference across the bridge diagonal wilt this 
be a measure of the existing temperature* 

3*3 CALIBRATION Of* THE PROBE 

The arduous part in hot film aneraomentry# is the prefer 
interpretation of the voltage signal # «alibrati«wi performs the job 
of correlating the voltage with velocity* The hot film anemometer 
is a thermal device which relates the heat transfer from the 
heated probe to the flow velocity passing over it# It is therefore 
not an absolute measuring system and requires calibration* For 
calibration,# a pitot tube is used to wmmmm the actual velocity aid 
relate it to the anmsometer output voltage# In the present work# 
we have calibrated the probe in the actual wind tunnel in which 



t 



A variety of boat transfer laws for heated sensor® have 
been pot forward. Of these, icing's law is the west well known in 
hot wire anemonet ry* which describes the beat transfer from a 
cylinder of in finite length* It caribe written «» 

*2 * A f 8 s 15 

where is the anemometer output voltage taken across the west atone 
bridge in the electronics package# tf is the fluid velocity# A and 
8 are constants* This equation although ha® curtain# limitations# 
is adequate for laboratory measurements at moderate velocities. 
The magnitude of the exponent *ii* is found to be 0,5* 


The sensor operating temperature is very important because it 
influences both the life of the probe and it 1 ® sensitivity to 
velocity and ambient temparatur © changes. The eensor temperature 
is usually expressed as a ratio* called the ova r heat ratio*® 

which is defined m 

m jsy«* fu 

a m «*- or a * — JL~«fc 

R** h# 

£ £ 

where » w is the resist mace of the heated sensor at it *s operating 
temperature, is the resistance of the asenaor at the temperature 
of the ambient fluid* 



CHAPTER 4 


txmmmmAh mr up, xmstrkheotatioii amp procedure 


a i ffom n& eft* & y* rtwreffi * 

A wind tunnel is employed to simulate air stream® under 
controlled laboratory conditions, the use of a wind tunnel 
glees an 1dm of fluid flow past a stationary object and evolu- 
tion of certain flow patterns. The purpose of design of any 
wind tunnel is to achieve the required conditions for model and 
flew testing with minimum power consumption and at the smallest 
possible cost* 

The present work has been carried out In a lew speed, 
low turbulence, sootier* type# closed jet, open circuit wind 
tunnel of the Aerodynamics laboratory, Hie else of the test 
section of the wind tunnel is 30* S can height x 40, S cm width 
* 101,4 cm long* The maximum speed in the clear test station 
is about 10 s/soe. 

The tunnel has a settling chamber f*S cm square* with 
metal honey cesb at it** entrance* There are air wire nesh 
screens located at as^ropciate intervals, .An air filter mads 
of cloth is also stretched across the tunnel inlat before the 
honey «*ab to minimise the entry of dust into the test section* 
The diffuser section following the test section is circular 
in emammm&m *»d is achieved by the gradual divergence of 
th« rectangular test section* At the end of the diffuser an 


*xl«l flow fan coupled to a ? HP ducted EC variable speed 
sister having stabilised $w*#sr supply provides a raaxiiaum wind 
speed si about id m/sec vith a turbulence intensity of about 
0*S%* a schema tic yint of tbs tunnel drawn to seals is shown 
in the fig* 4*1* 

THE TEST SaCTIOif « 

The top si tiie rectangular test sect io n meas ur i ng 
40.S cm x 101*4 cat is covered with a if um thick perspex 
sheet* It has a central longitudinal slot si width. 2t eex 
SO era* Special T aims si appropriate »<«* were f itted into 
the slot to prevent any leakage of air* the far side of the 
test section taaasuring 90*$ cm x 101*4 cm is a Sam thick 
alasBittitm plate painted matt black* the bottom plate is mads 
of a 4 am thick perspex sheet* The front of the test section 
is made of a glass door hinged at the topedge# spanning the 
entire length of the test section* 

4.U DlgTOUKENT jgET^gtgl t 

k bisk constant temperature anemometer (cm), with a 
hot film probe has been used in the 'present work* the Ctk 
consists of a main unit# a ems voltmeter and a digital volt*' 

..<..,■-1 . .,1^ *1. 


the main unit 5S mi used in this work contains 
amplifier* filter# decade resistance# protection circuits 



Rubber strap 

X 




2 HP DC Motor 


i 
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and oth«r ausd lllary circuits. Hut m sensitivity it svitchabla 
between 30V # tov, 3V and fir f.e.d* A 3$ MNI poorer pack is bolted 
to t he main unit from behind in such a way that it constitute® 
an extension of the latter* a Si HlO CTA standard bridge is also 
fixed to the main unit* Xt operates at a bridge ratio of lit®* 
this facilitates connection of the input iron the probe end ant'' 
put to the digital and RMS voltmeter* 

A Si CCS tins voltmeter is used for measuring the w» 
value of an AC voltage* this is a measure of the tutbulmnnu 
content of the floe under investigation* It has 
lev to SOChf and ogaratas over the frequency range from ®#l Hr to 
40® lots* at** different In tegr at in g time constants between 0.3 sec 
and 10® sec are available* for a given measurement# the integra- 
tion tins is increased till a steady value is displayed by the 
voltmeter* for moat readings a 1® sec setting has been found 

Jba . Laia, '%iih reth - k ^*‘ am Htim a- it iitin .nam, 

t# JBm flA^qpIRtMN 

A Si 031 digital voltmeter used in this verb has a max. 
error of ®«1* of full scale* this is used mainly for platting 
calibration curves and for macs floe 'velocity measurements* this 
has a voltage range of 1*00# to*oo and loo* ft also has six 
different time constants between 0*3 and 10® sees* the degree 
of turbulence measured in the S3 035 ans voltmeter is digitalised 
here* Xt gives outstanding readability and high accuracy. 


k Qaitaaeferlcs Type 3,018 Electronic Ifenometer with 
digital reed out warn enploysd* Wm measinrements ©f wind 
speeds, 25*4 m* of H^O rang® was selected with « l®a«t count 
of o.oooi. 

* conical tint f ilia probe Type 55 f*4f it weed here* 

The details of the probe are « 

iensec resistance at *0%* R^ • 8*93 

leads resistance* R^ * 0*14 

lTO,, ° , S -o.«»*/«b 

fhe prdbe was fired to a long stainless steel tube 
of 4 an internal diameter to facilitate mounting and traver- 
sing during the experiment* The sensor was inclined at an 
angle to the mean velocity vector which will reduce the 
livelihood of the probe fouling* 

Polished circular brass cylinders of 25*4 mm diameter 
end 254 m height were need in this experiment* 

the traversing neehanism having three translational 

aflff dftiMnifiUMlI 'lifc iibi tffil liih'litf dfta M Hi Ik aftl lil ijl J£ juM iiilh5'imil mi fri la MShi ^b uiti W vnin mai jlira Sfitfiii lit Jt Yveh . 

aiflWP Ok IS tmmm tQm Xm%wmTB3J^ tfflm fmm ££«£* JpEWM# 

two mechanical counter® with provision fur digital display were 
fitted to read the displacements* the 'resolutions in % (longi- 
tudinal)* If (lateral) and % (vertical) directions ware o*lt§ mi# 
0*05 am and 0*05 am respectively* To minimise the backlash in 



***• traverses, displacements 4a the x, t and % directions were 
increased or decreased monoteneeally* 

4*3 wz&wizmwThh procedure % 

£a the beginning, date ess collected in the wind tunnel 
without any obstruction placed upstream* the hot film probe 
was traversed along the z direction at the centre e£ the test, 
section* Ibgxnriwsttte show that there is no significant varie* 
tion of flow quantities In the vertical direction Shove boundary 
layer* Hence, this data has not been reported here* 

the present work has been carried out in two stages 

vis* 

1) Single cylinder i 

f ) two cylinders placed aide byside* 

Xn the first experiment s single, c ir cu lar , b rass 
cylinder of ys*4 nra diameter and HS4 am height was pieced 
at the centre of the test section* the readings were recce** 
d ad at six different locations with § * 0*3, 1*0, 1*0, 3*0, 

4*0 and 3*0 behind the cylinder, X being measured from, the 
downstream edge of the cylinder, bally temperature and 
initial readings of the anemometer and traversing mechanism 
wore noted each time the experiment was conducted# * constant 
dial setting corresponding to a free stream velocity of 3#t8 
Bv'aec was used* h constant over hast retie of 1*3 was mails* 
talned throughout the experiment by checking the cold resistance 



«®d adjusting the operating resistance accordingly* 

Mter the flam stabilised, t be probe was brought 
behind the centre of the cylinder at || • o*S* St mas t raver- 
eed in the 2S (vertical) direction with lt*s Initial position 
about 0*0$ «*» fro n the floor of the test section* Smaller 
intervals mere used In the beginning and mere increased grad* 
nelly till a constant reading mas Observed* the readings from 
the RMS voltmeter and digital voltmeter mere noted each tine* 
the probe mas traversed upto § * 1*0 in all the cases as the 
re ading s remain constant with in g iber increa se in height* the 
probe is item traversed along the indirection at 1 am above the 
floor* the smaller intervals mere used in the beginning nodi 
mere increased gradually till § • 2*0 is reached* the probe 
is again traversed in the vertical direction (^direction) 
at J » 1*0* the procedure mas reiwatad for § » 1*0# t*0# 3*0# 
4*0 and i*o* 

In the second set of experiments* two brass circular 
cylinders each of 2&*4 sw diameter and t$4 sn height mere- used 
for lateral spacing ss Cin ^direction)# || m 1*0, 7*0 and 9*0* 
First# a centre line mas started along the flow direction on the 
floor of the test section* From this line# points mere sorbed 
on either side so that the dimension leas spacing® mill be S*0# 
7*0 and 9*0 respectively* those points indicate the location 


of th© cylinders* Holes ware drilled through these points* 
and Dm cylinders were bolted for the first spacing § * S«0« 
8«w # the prefee see brought behind the centre of one cylinder, 
act wee positioned et § » o*5 Hm the downstream edge of the 
cylinder* it was traversed in the vertical direction opto 

35 

U » l*o* then# the probe was traversed along the ^direction 
at a height on an front the floor* this was continued till 
the centre of the spaclngs iim* § * $*§> ie reached* Again# 
the probe was traversed in the vertical (a) direction et the 
centre of spacing * the aneaoraeter readings were noted in each 
ease* the procedure was repeated for different longitudinal 
locations* at § « 1*0# t*0, 3 * 0 * 4*0 and 5*0* the anesoaistar 
reelings were recorded each tine* 
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Table 4*1 * Summary of experimental variables 


Variable Symbol 

Dimension of the test - 

section. 

Fr®^-stream velocity 
B.L. thickness 6 

Cylinder diameter D 

Cylinder height 

Cylinder spacing (lateral) S 

Pier Reynold's number 
Velocities measured in 

(a) Main-stream direction X 

(b) lateral direction Y 

(c) Vertical direction Z 


ep 


Ranqe/Mean value 
101 6mmx405mmx305mm 

3*26 m/sec 
12. mm 
25.4 mm 
254 mm 

5D, 7D, 9D & eo 
5250 (mean) 

0.50Dto 5D 
0 to S/2 

0*05 mm to 25.4 ram 



Fi#. 4.2 : DEFINITION SKETCH SHOWING CYLINDER LOCATIONS 


AMn nrs npnnmm- « 



nuaawxg gy fassmars. anp oxacunsioiB 


Xn the «ssperim©Rts described In Chapter 4* mean 
and R«s velocities in the aminstrsam direction have been 
measured doenatreaa of circular cylinders mounted side by 
side instead? turbulent boundary layer flee* the velocity 
distributions in the cartesian co-ordlnat© directions, 
namely X * longitudinal direction, T «* lateral direction 
and z m vertical direction* have been cosjp&red with the 
velocity distributions in undisturbed boundary layer flew 
to understand the effect of cylindrical obstruct ions* Attempts 
have been made to delineate and study the wakes behind cylinders 
separately free the region outside wakes* this is necessary In 
order to understand the mutual Interference effect of two cylin- 
ders as distinct from that of an Isolated cylinder* When two 
cylinders ware used the different spacing® studied are 9/a m § # 

T sod 9* 

M ixnsAb murxuB or nwnra mcm m> turn vetacm mm 

mja& * 

Figures $*!# $*f » l»I ft M a fom the m earn velocity 
profiles measured at § » 0*04 in lateral direction 1*1 for 
M 0.$* l, f # f# 4 ft § and 

observed that 4 bshind the centre of cylinder gradually 

'# ' 

increases in X » direction* the wake region may be demarcated 



• & # % f and <t* Xt may be 
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by the maxima of ^ in the lethal profile* the swlneftty 

© 

distribution In the wain? region gradually increases with If 
attains a maximum and than decrease© gradually* this trend 
la Observed for all the cases* 


Based on these mean velocity profiles, near the bed, 
mean velocity contours have been drawn for j| ** 5, 7* 9 & * 

the edge of the wake has been indicated in Figs* 5*5 through 
5*8* It way be observed that the velocity gradually increases 
in the wake region* At the outer edge of the wake region upfto 
the centre of the spacing no systematic variation In the mm 
velocity la observed* 


Figures 5*1, 5*7* 5*3 & 5*4 also Show the RW velocity 


x 100) profiles at § w 
§ * 0*5, 1, ?, 3, 4 i 5 and | 


0*04 in lateral direction for 
*» 5 , 7 , « & °o . The R» velocity 


increases very steeply from Two towards the edge of the wake* 


then decreases sharply and levels, off at y * |. The steep 
increase In RMS 'Velocity near the edges of the wake gradually 
decrease® with increase' in |§. the RW velocity along 7 * 0 
gradually increase* In the X m direction* 


Based on the above profiles# RMS velocity contours 
have been drawn far j|.* 5, 7 # t &oo * The edge of the wake 
developed, from the mm velocity criteria is indicated In. 
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¥J$«* 5*5 through 5,8, It my ho observed that the Ik MB velocity 
gradually increases and than ©tarts decreasing with increase if) 
§ *1000 Y - o. However, there ia no systematic variation in the 

m 

region between the edge of the wake end the plane ¥ ** |*# 

5*9 VERTICAL PROFILES OP imMVkiOCIiy Alia RMS VEiaCSTV « 


the vertical profiles of man velocity for various 
values of § and for § • 5# ? 0 9 and are she® in Figs* &*» 

& SnlOe the man velocity profilse along ¥ • o gradually increase 
near the wall and remain fairly constant for higher values of ||* 
the region of increase in man velocity profile can be considered 
as the sene in which wall *££«*& is significant* At ¥ * Q# the 

’JUS 

dimensionless mwimum velocity «r* is slotted again st #?' for 

§ o i? 

*» 5# 7, 9 & » it may b© observed that e increases gradually 

aJi*' 

with Increase in j£» The position <^) at idSdh the mmdmm velocity 
occurs# is plotted against § fee § • 3# ?, 9 & * it is observed 


2 

that, 2 * 

v D 

« 2 * 0 * 


tends to decrease upt© € * 2*0 and then increases for 


Vertical profiles of |j along ¥ • j| ere plotted for 

different values of || and j| as shewn In fig, 5,10# it may bo 

observed that they are similar to boundary layer 'velocity 

use 

preiile^. The maseiawi diwmsionless velocity HJp given by 
these profiles is plotted against ff for different § values* 
it my be eliosrved that there is a slight increase in soxiaasa 




Mean and R.M.S. velocity distribution in vertical direction along the centre line behind the cylinder 


FIG. 5-9 






velocity Upt© § m y*0 and then reduces gradually to free stream 

velocity far higher § values* the position 2® # et viiiiii 

occurs is plotted against 5 for different values of 
o 5S-* ® 

can he seen that -g* gradually increases with 


R *M*5* velocity prof ilea invertical direction for 
various values of § and § • S # Y* $ &<*> .are shown in Figures 
5*0 & 5*10* along y • o, the w® velocity increases gradually 
ttpto % m z*m and reaaina faiftly constant for * 2't* In vertical 
profile the RMS velocity along Y «• |> Increases steeply near the 
well upto § « o*oi and decreases foe higher values of || indicating 


similarity with turbulent boundary layer of mean velocity* Fig *5* 11 
Shows the maximum RMS velocity along Y » o plotted against §* It 
may he observed that value of R» velocity Increases upto } « 4 


V 

and tends to decrease with further increase in g* the position 

at which the maximum value of RMS velocity occurs is plotted 
against g for various, values of §• It may he observed that 
increases first gradually upto § » ?*o and then steeply for higher 
values of ||* the maximum tw veloeity^/^fe* along Y « J is. 
plotted against f as shown in Fig* §#lf* ° It is OhiMnsved that 

increases gradually with § upto § « 4*0 and than starts 
decreasing* Hie position, jjj at wtilch S«$ of the mastimiSft RM» 
velocity occurs is plotted against g CFIg* SUlf )* It Is observed 
that this position gradually decreases, with 
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5*3 VARIATION QP R m VEICCXTY AT THE EDGE Off TOE WAKE « 

the edge of the make is indicated by the aaocLaum neait 
velocity in lateral direction* the R«s velocity at the edge 
of the wake is plotted against § for different values of § 
as shown in Fig* 5*13. It any be observed that the me vein* 
city increases with |j* the effect of interference is indicated 
by the mximm value of RWs velocity at § * 4 & 5 for decreasing 
§ values# 


the maatasa values of R»s velocity in the lateral dire©- 

^^y^SSBL. i * o«04 is plotted against § for all || as shown 
in Fig* 5.13. _/ fmx decreases fairly is.pt© If * 1*0# then 
increases gradual!? for § m 3 to 4# and decreases again for higher 
values of §» the magnitude of / fair is high* for smaller values 
of § and decreases with increase in §. the position 


Wfk _ i. 

Y*/D grsdSally decreases with increase in § and is almost aero 

.difr JffiL 

t®SF w 31# 


*•* BMWJW i™ ' ** sssm^em 

wm velocity profiles for different values of § in 
the centre line* edge and outside the mSm region share j • 1 ■ 
are sheen in fig# t*14« the nm velocity at the edge of the 
wake is such higher for f m M in con^ariiion with the centre 
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tlm and outer region velocities for all £» However# as 

° 

«y 0 - «t tiie wake edge decreases with fL at S * 9*0 ail • 
o /w*9 w u 

the thready «- profiles com® close to each other* for 

§ ■ © 

3 tiie centre line end edge profiles nearly coincide 

whereas they don't quit* aatch with the profile for outer 

region cf - 1 * 0 )* fra* the observations# it is clear that 

the effect of wake w— is more predominant at the 

© 


boundary for small values ©I §* 

5*5 mm VRiocmr rgsimBOTxoti is the vertical dirhctxc^ * 

Hw velocity is found to gradually increase fra* 
the wall to a height designated tm in the wake none and 
fL* outside the wait© tons* *Sh® velocity profile* drawn 
for different values of § and § are Shown in figs* 5.9 
& 5*10* the velocity distribution in the wall affected^ 
sons at different § using the power law as |[ • ( |^) 
for * • 0 and § ** < f > for Y * f in the flew 

direetien ate shown in figs* 9*15 a 9*15* It may he sheer** 
ved that the power law agrees fairly with the experimental 
data for different values of *»** the exponent *«• plotted 
against § far Y * o and | respectively in fig* 9*1$ is mm 
to inereasa steeply apt© § * 1*0 and decreases with further 
increase in f f or Y • ©# wheraaa at Y * f # it gradually 
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upto § m 3*o # thou decreases and, attains f airly constant 
vmhsm for § ♦*©* the am of increase in the etpon on t *u* eon 

ho taken «s tlio son# of accelerating £ lot** the tone of decrease 
in *n* ran be takes as the sons of decelerating floe* those 
regions can be mm la tbs mm velocity jaseiilos and in the 
variation of exponent n*# 

If 

velocity parameter |p and it*# corresponding position 

z tr ^ * _ 

]T • l * l » ^ end and it** position -§& along Y * | 
are plotted against |§ upt® § » 5*0 for different values of 

§ In Figs* 5*10 and 5* IS* 3t is f ound to gradually increase 

5# ' ' 0 38L 

with increase: in #* the position #■ at which the velocity 1* 


raaxiRKaa decrease* very slowly with increase in §# Upto j§ m 2*0 
and increases gradually with 1 w 2*o as shown In the fig *5*10* 
the corresponding variations of if® and foe flow along 
Y -§ are mueti less* However* gML is greater than 1« 

f # 

$ # 0 # 


S«6e 1 





the ans velocity profile along Y * o nooMSiinensionalisoi 


ar*' plotted against 


as Shensi he fig* 5*20* 


It may be Obse r v ed that 


profiles at a given » for various 


gradually increases 


appear to be similar* 


0 4 











z*m and remains fairly constant for Z >z*e for all If emee p t 


B * 2 *°* xt § * 2#0 * RHS velocity increases apt© z • Z»e# Mb 
decrease* upt© 2 4Z *e and remains constant farther on* 



WP 4* 

wieee values of g as sheen in Fig* fell* It nay he observed 
that the »w velocity parameter increases with increase in § 
upt© § * 4*0 and decreases farther on# The mmdmm value- of 
RM ® velocity parameter at § * 4 is of the order of 10 percent 
of the free stream velocity* the length para»»M increases 
very gradually opto § * 2*o and steeply 


$• 6*2 Between the cylinders (t m « « 

Jwa 

Mm velocity profiles suwv*iinenaio»ialised as /ip* 

■<m MM» 

are plotted against fr as shoo in fig* &*21# where 2J 


mm 

IWSf 


is the value of * at 50% of the staxian RHS velocity 


occurs* It msy be observed that all thf^^ofiles coincide 

? « 


yn 

fairly well* the velocity parameter g^ «^d it*s p osi t ion 


IBf ** 

-p are plotted against § in Fig* Salt* It may be observed 
that inoreaee In RM8 velocity parameter with § is steeper for 


§ * § in eoeparisen to § * 7 and t. The deviation of the 
curve in § » i nay be doe to interference effects, the length 




NORMALISED RMS VELOCITY DISTRIBUTION IN VERTICAL DIRECTION IN BETWEEN 
THE CYLINDERS 


FIG. 5-21 






defect lit mm veleel fey in the wake sene at # • 0*04 
** w 
nofi-*disaeii«icfi«ii«e<3 a# yClLmi is plotted against y/b for ail 

values of | in Fig* 5,22* The velocities and correspond 

to the velocity at the centre line of wales (7«0) and at the 

edge of the wake <F*fel respectively* It my he Observed that 

there is gradual recovery of velocity in the mUm region with 

increase in 3[ for 5 * 7 & <*> ♦ Put for |*|il the change 

free § * 3*0 onwards is not systematic* These anaiaolou® changes 

of velocity defect profiles at 3 « 4 & S for §■ <» S & 7 may he 

attributed to the interference effect* 


The velocity parameters ?p and are plotted against 

f w W Iff no 

in Fig* 5*24* It aia» 

increases whereas & iooreanee with 1. ■ ftenc®. StZLjft 


decreases with increase in 3 as abawn in Fig* 5*15* 
dimensions Used length p®xaa»ter § variation with § j 
shown, in Fig. 9.25. *fe § * 2*0 it appears that & is 


The meaci velocity in the region «nside the wake none 
msionalised as is plotted against §"***§ 











o 4 










for all value® of § as shews is fig* §*ys* Bare* 1 • § * In 
The plot does not indicate any systematic v ariation * 

M qr cyumdbrs * 

*twm two cylinders are kept aid® by aide at some 
lateral spacing* the flew dietrlleitievi both inside and outside 
the wakes of cylinders get® modified due to mutual interference 
of cylinders* this modification is indicated by the variations 
of wean and um velocity distributions* Xh the present erperi** 
mental study the following velocity change® are oSswwrvsd* 

Cl) Between the cylinder® there is increase in the magnitude 
of free stream velocity in comparison to the approaching free 
stream velocity dee to flow contraction* Cooseguently the 
increase in magnitude decreases with increase In lateral spacing 
as shown in Fig* $*19* 

(2 ) Dm vertical profile of mean velocity between the wakes 
of the cyl inder s become® wore uniform due to aoo# jity a t toe of 
flow as shown in f 4g« S*iO* this can be observed as increase 
in value of power law ewjjonemt *n* a® shown in Fig* S*l% 

<3> Die R» velocity profiles at t m J (outside wakes) 
are similar to these in turbulent boundary layer flew* mmmm# 
they are modified by the presence of *w* cylinders* Dm magni- 
tude of maximum R«s velocity near the wall is found to increase 
with decrease of cylinder spacing as shown in Figs* $*11 & $*12* 
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14 > Til# R*6 velocity ill the wake ration is also perceptibly 
affected by a neighbouring cylinder* The magnitude of KM* velo- 
oity in the region away free the wall along If « 0 is found to have 
higher magnitude foe § « i than for § •* T and t a# shown in Fig* 
5 * 24 * 

In agreement with the Uterattsre cited in Chapter a* 
it was noticed that the interference affect is almost negligible 
for § &« However, the present experimental Investigation 

reveals an increase in rms velocity component# near the wall both 
in the wake acne and in the region between the wakes* This is 
significant for |j * § but is also noticeable for § «* t and % 

In the region between wakes# the hike in R» velocity as well 
a# it *3 steep' vertical gradient near the wall are indicative 
of the intense turbulent nixing in this sens* Obviously* 
turbulence energy is transferred sore actively towards the 
boundary in this area than in the undisturbed flow region* 

Thus for bridge piers in alluvial soil the increased turbulence 
activity near the bed* due to mutual interference of the piers, 
can lead to higher local scour on the Inner sides of piers* This 
accords with the observation® made by Shah (1980) in his experb* 
meats on local scour around bridge pier* 
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CONCWmOMS* 


Fro** tli* velocity measurements and graph lea I. analysis 
attempted In this work, the £ 


drawn about the flow ch 


r* 


cylinders placed in boundary i 
(pier Reynolds number < 2 xlO S l* 



i$&v&UmsPM*mn. 


maxim of lateral variation of mean vs 
uniform width fro® a distance » downs* 
vertical profile of roan velocity aim 
wake expands with increasing distance 
approach ee the mm velocity profile * 
this indicates the predominance of va 
effect sufficiently downstream of the 
centre lines of wakes# the WW velcci 
vertical reeeatelos roan velocity prof 
flow* the high values of a*® veJooit 
and their Increase with inereasi**** 41 






m 


2 * 


35ta mmamj® j&m*i ; 



* 


Make regi on i far lateral spacing® iissS in the present work 
<$B* TD and 90) # the dtstrilaiticxjs of the neon end a» valoeitlee 
An the 3MS plane passing through the centre line of a cylinder's 
wake closely re^mim those ©fan isolated cylinder* However* 
the lateral variation of the mm and Mm veleeitAae Indicates 
Increased turbulent activity towards the edge of the wakes* the 
wake none is of fairly uniform width downstream of the cylinders* 
except for the spacing ®D idea it Chows an increaee with down® tram 
di stance* 

b) jflas, JagSaafflUa&Sf * *leng the centre line between wakes the 
near velocity in vertical profile is steeper than that of the 
undisturbed houndarv laser flew# the sjadUniBi ve loci tv is cr eator 
than the waoceachino free stress velocity* Hence* the flew is 

wipp wepPwip piprsp^npp vW Wct ^JMPIPP PPMPP ewruffr mm stp *n!W wl 111 ■ w 'vP? ■p^p|w r epfr- i ^p w> ™ py ppwiP' ws* 

accelerating in this region* the RMS velocity distribution does 
not Show such deviation from that in the undisturbed flow* 

3* ayia^BaJa. MM to Mm 1 ** **» 

cylinders planed in turbulent boundary layer flow are copper ®d 
to bridge pierr in a river* the above results can throw mm 
light on the scouring phenomena* Firstly* there exists in the 
wake flew high **© velocities (turbulence energy) which should 

mam fine material as compared to the 
upstream flew* Secondly* when two piers ere In lateral proadmifcy* 


mt only cm the wake flow suspend mm material# but the high 
velocities mt the edge of Md between the wake regions can 
produce high sheer stresses end' erode bed ambtrial* This Is 
tiie result off Interaction of the flow affected by the two 
piers « and it vanishes for large spacings Cs > fo)* 

suggestions far further study « 


!• tbs present work is limited to velocity components in 
x-direction only* Measurements of velocity components in y end 
* direction simultaneously are necessary to give a three * 
dimensional picture of the flow field* Spatial correlation of 
the instantaneous velocity components and flow visualization 
techniques may be used to study the occurrence of eddies* hors#* 
shoe vortices and vortesc shedding* 

2* Pressure tappings on the cylinder surface and wall 
lwa yp da r y should be used to relate the observed chsnaes in 
velocity distribution with pressure* 


2* Heesurements of flow ohrimn ss teris tics in the 
layer* separated flow sons' and wake zone near the cylinder 
should be made to determine the drag and pressure coefficients# 
separation point# turbulence .intensity and walVef feet it) . the 
flow immediately surrounding the cylinder* 

4* Wxpmimmtc should be conducted in turbulent water flow 
In a Channel to make the results directly applicable to 
lie problems# using rough or erodlbl© beds* 
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